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Abstract 9 
 10 
The use of difference spectra, with a filtering of a rolling average background, as a 11 
variation of the more common rainbow plots to aid in the visual identification of 12 
radiation anomalies in mobile gamma spectrometry systems is presented. This method 13 
requires minimal assumptions about the radiation environment, and is not 14 
computationally intensive. Some case studies are presented to illustrate the method. It 15 
is shown that difference spectra produced in this manner can improve signal to 16 
background, estimate shielding or mass depth using scattered spectral components, 17 
and locate point sources. This approach could be a useful addition to the methods 18 
available for locating point sources and mapping dispersed activity in real time. 19 
Further possible developments of the procedure utilising more intelligent filters and 20 
spatial averaging of the background are identified. 21 
 22 
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 2
1. Introduction 1 
 2 
The use of mobile platforms to record gamma ray spectra is a common method for 3 
rapid determination of the distribution of radionuclides in the environment, both for 4 
mapping dispersed activity [1-4] and locating point sources [2, 5]. Typically such 5 
systems consist of sensitive gamma ray detectors mounted in either a low flying 6 
aircraft or four wheel drive vehicle, though other platforms are also sometimes used 7 
(for example, hovercraft [6]). For airborne survey, the detector typically consists of 8 
16 litres, or more, of NaI(Tl) scintillator, often supplemented by one or more 9 
germanium semiconductor detectors. Equipment consisting of spectrometry systems, 10 
radar altimeter to measure vertical height of the detector above ground, GPS receiver 11 
to record the positions of each measurement and data logging computer is used to 12 
record and analyse a series of gamma-ray spectra tagged with positional and ground 13 
clearance data. Similar equipment is used for ground based systems, though usually 14 
with a much smaller detector. 15 
 16 
The need for systems able to locate point sources is well recognised. Several incidents 17 
have occurred where mobile systems using gamma spectrometry equipment have been 18 
deployed to locate such sources. These have included locating an Athena missile 19 
carrying two 57Co sources in 1970 [7], debris from the nuclear powered Cosmos-954 20 
satellite that re-entered the atmosphere over Canada in 1978 [8, 9] and the 1987 21 
accident at Goiânia in Brazil [10].  22 
 23 
More recently, a series of exercises have been conducted that included searches for 24 
hidden sources using mobile gamma spectrometry systems. In 1995, the Resume 95 25 
 3
exercise in Finland with 10 airborne and 7 vehicular teams included a search of a 1 
small area in which sources of 60Co, 137Cs, 192Ir and 99Tc with a range of activities and 2 
shielding had been hidden [11]. A further Resume 99 exercise in Sweden in 1999 3 
involved 10 carborne systems [12] with 137Cs and 99mTc sources hidden near the end 4 
of a 200 km long route driven by all teams. The 2001 Barents Rescue Exercise in 5 
Sweden included a gamma source search exercise involving 7 airborne and 11 6 
carborne systems, with a total of 44 different sources of 241Am, 60Co, 137Cs, 131I, 192Ir, 7 
99Mo and 226Ra placed in the search area [13, 14]. The results from these exercises 8 
demonstrated that about 50% of the sources used were located, with virtually all 9 
teams locating strong unshielded sources and very few teams locating small or well 10 
shielded sources. 11 
 12 
Several methods have been developed to aid in identifying sources in response to such 13 
incidents, many of them have been practiced at international exercises like those 14 
mentioned above. Early source searches often used simple total counts or dose rate 15 
measurements, or standard processing techniques with minimal modification to 16 
identify sources after the survey was completed. For example, at both the RESUME 17 
1995 [11] and Barents Rescue [13, 14] exercises, airborne survey teams presented 18 
source location and identities to the organisers within one hour of landing, allowing 19 
standard processing and follow-up data analysis of suspected sources.  20 
 21 
Methods to provide real-time indicators to the operators have also been developed, 22 
allowing much faster reporting of potential sources. These can use simple count rates, 23 
either for the whole spectrum or specific spectral windows corresponding to the full 24 
energy peaks for radionuclides of interest. However, processing of the spectra to 25 
 4
remove backgrounds and interferences produce more reliable and sensitive means of 1 
providing real-time indicators for operators. 2 
 3 
Standard spectral windows processing, where the count rates in predefined regions of 4 
interest are analysed by the subtraction of a fixed detector background followed by 5 
stripping out of interferences from other peaks and an altitude correction and 6 
calibration [1-3, 15], has been widely used in real-time applications [16-18].  7 
 8 
However, the windows method requires a prior knowledge of the isotope(s) of interest 9 
so that a suitable stripping matrix can be produced, and suitable backgrounds need to 10 
be measured. If these processing parameters are not known this method can be used 11 
with working values, although this may reduce the precision with which sources can 12 
be identified and a source producing gamma rays that are not included in the windows 13 
used may not register. 14 
 15 
Another approach that can be used in real time analysis to locate sources exploits the 16 
fact that anthropogenic radionuclides tend to produce gamma rays at relatively low 17 
energies (below 1500 keV), whereas naturally occurring radionuclides also produce 18 
higher energy gamma rays. A ratio of the count rates in low energy to high energy 19 
regions of the spectrum can thus identify the presence of anthropogenic activity. This 20 
approach was used to locate fragments of the Cosmos 954 satellite [9], and a similar 21 
approach using the ratio of count rates in lower energy windows was used in the 22 
Resume 95 exercise to locate a 192Ir source [19].  23 
 24 
 5
The statistical analysis of the gross count rate in windows centred on a peak 1 
associated with the radionuclide of interest has also been used for real-time source 2 
detection [20, 21]. The approach assumes that the majority of spectra measured during 3 
a source search only contains the natural background, and uses this continuous flow of 4 
spectra to apply statistical methods to determine if a source is present in the field of 5 
view of the detector.  6 
 7 
Over recent years, the use of graphical means of displaying real-time information to 8 
the operators of such systems has become common. In particular many systems use 9 
displays that are variously called “waterfall” or “rainbow” plots [5, 16-18, 22]. These 10 
plots show the most recent spectrum recorded, colour-coded by the number of counts 11 
per channel, with a ‘waterfall’ plot (with the x-axis being channel number, the y-axis 12 
measurement number and the point colour indicating the counts per channel) showing 13 
a visual record of recent measurements. Such plots allow a trained operator to monitor 14 
the performance of the detector system and notice any large variations in the radiation 15 
environment, such as discontinuities caused by boundaries between different 16 
environments or localised point sources. 17 
 18 
For locating point sources, the rainbow plot is particularly useful as it allows the 19 
operator to immediately see if they are in the vicinity of such a source. However, a 20 
source may be easily missed if it is small compared to the local background, shielded 21 
or distant from the detector. A variation on the standard rainbow plot is the 22 
subtraction of a representative local background from measured spectra, generating 23 
difference spectra. Such difference spectra enhance the ability of operators to identify 24 
and locate sources in real time by highlighting sudden changes in the radiation 25 
 6
environment. The resulting difference spectra are then displayed on a rainbow plot, in 1 
exactly the same way as gross spectra are routinely displayed.  2 
 3 
A rolling background of the average of the most recent spectra is often used. A 4 
recognised draw back of this approach is that immediately after a source the 5 
background spectra include signals associated with the source, producing negative 6 
difference spectra. Likewise, when crossing water-land boundaries this approach can 7 
produce large positive difference spectra. Alternatively, a fixed background spectrum 8 
can be subtracted. This approach requires sufficient data to have already been 9 
collected in the area for such a representative spectrum to be determined. And, it is 10 
highly unlikely that such a spectrum would be truly representative of the radiation 11 
environment over large areas. 12 
 13 
A modification to the rolling background approach, which reduces the effects 14 
produced by boundaries and passing sources, is described here. This uses a filter to 15 
determine whether the current spectrum is to be included in the background. This 16 
retains the local nature of the rolling background while excluding data that vary 17 
significantly from it, such as those that are collected over sources or water.  18 
 19 
2. Method 20 
 21 
A difference spectrum is determined by simply subtracting a local background 22 
spectrum, in this case a rolling average background, from the measured spectrum.  23 
One or more filters are then applied to determine whether or not the current spectrum 24 
should be included in the rolling average background.  25 
 7
First, any spectra that fall outside a defined ground clearance range appropriate for the 1 
survey are not included in the background. By keeping this range of ground 2 
clearances narrow the need for any altitude dependence in the filter is removed. Data 3 
with total count rates less than twice the background from the detector, aircraft and 4 
cosmic ray components are rejected from inclusion in the background, as these are 5 
most likely to be recorded over open water. 6 
 7 
The simplest filter to apply at this point would be a comparison of the measured 8 
spectrum to gross count rate values within specified spectral windows, with spectra 9 
where the count rates exceed these values not included in the rolling average 10 
background. Though simple, this approach has some noticeable weaknesses. The 11 
levels at which the filter is activated will need to be matched to the local environment. 12 
In an area where ambient radiation levels are relatively high a low threshold will 13 
result in the filter excluding too many spectra from the local background. Conversely, 14 
a higher threshold will include spectra in the rolling average background that differ 15 
significantly from the local background where radiation levels are lower. Setting the 16 
appropriate levels for such a filter will require some prior knowledge of the survey 17 
area. And, even within a single survey the local background radiation levels can be 18 
sufficiently variable to make a single set of absolute values inappropriate for the 19 
whole area. With the exception of the low level filter to identify data recorded over 20 
water, an approach has been adopted here that filters the spectra according to the 21 
significance of the variations between the measured spectrum and the rolling average 22 
background.  23 
 24 
 8
For the measurements that pass the first filters, the total count rate is calculated for the 1 
difference spectrum and compared with the statistical uncertainty of the measurement 2 
determined from the standard deviation in the rolling average background ( Bσ ) and 3 
poisson uncertainty in the difference spectrum count rate. A measure of significance, 4 
σ, is defined by the ratio of the total count rate in the difference spectrum ( DN& ) to the 5 
uncertainty.  6 
2
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Any spectrum where the difference spectrum count rate is within 3σ of the 8 
background is considered to be consistent with natural variation, and is accepted. Any 9 
measurement where this is greater than 6σ is considered to be significantly different 10 
from natural variation, and is rejected. These thresholds are based on an assumption 11 
that, in an environment with a slowly varying background, the difference spectrum 12 
count rate will follow an approximately normal distribution. Figure 1 shows 13 
histograms for the measure of significance for (a) laboratory measurements and (b) 14 
data collected over Cumbria in June 2000. Even in field measurements, the 15 
assumption of an approximately normal distribution around the rolling average is 16 
justified.  17 
 18 
A further test is applied to the spectra between these limits, with the analysis above 19 
repeated for count rates for the spectral windows used in the standard windows 20 
stripping analysis. Any spectra where any of the measures of significance for these 21 
windows is greater than 3 are rejected. 22 
 23 
 9
If all these filters are passed, the current measurement is then added to the rolling 1 
average background, with the oldest spectrum in the background removed. This 2 
background is then subtracted from the next measurement, and the process repeated. 3 
On occasions, spectra that do not record a radiation anomaly will be rejected. 4 
However, as the rolling average background does not need to include all the local 5 
background measurements to be representative, this is not considered to be a 6 
significant loss of information. 7 
 8 
The display of the difference spectrum is colour coded in a similar manner to 9 
conventional rainbow plots. In the SUERC software these colours run from dark blue 10 
(lowest) to red (highest). For the difference spectrum a threshold corresponding to no 11 
significant difference compared to the average background is applied, with all 12 
channels with magnitude less than this coloured white. Greens and blues indicate 13 
negative counts, with oranges and reds positive counts. This results in a simple 14 
method to identify spectra that differ from the local background, showing both the full 15 
energy peak and scattered radiation contribution to the spectrum. The scattered 16 
contribution is especially important if the source is shielded, not only can it reveal the 17 
presence of a strongly shielded source, it may be possible to determine some 18 
information about the shielding from this scattered component. 19 
 20 
An event log, listing all the measurements that the filter determines to be a rapid 21 
change in the radiation field, and hence excludes from the rolling average 22 
background, is recorded. This includes the spectrum number, position and the 23 
measures of significance of the event for the total count and the largest single spectral 24 
 10
channel. This log is a list of measurements that could potentially indicate a point 1 
source, or other feature of interest, and warrant further analysis. 2 
 3 
 4 
3. Case Studies 5 
 6 
To illustrate this method, some data from past surveys have been analysed as though 7 
collected in real time.  8 
 9 
3.1 Improved signal to background 10 
 11 
The method described here calculates a rolling average background spectrum that can 12 
be subtracted from measured data. In environments with a large background, this 13 
method should suppress that in the difference spectra making a significant 14 
improvement in signal to background ratios for any sources in the area. During the 15 
1995 Resume Exercise in Finland [11], a source search exercise included some 137Cs 16 
sources in an area with significant levels of Chernobyl fallout (50-80 kBq m-2 of 137Cs 17 
in 1995). Figure 2 shows the count rates, from 2s measurements, for the 137Cs spectral 18 
window for a section of the survey produced using the spectral stripping method 19 
employed during the exercise and the differential approach described here using ten 20 
spectra in the filtered rolling average background. The data section includes a small 21 
lake (measurements 325-340) and a 2.8 GBq 137Cs source passed three times at 22 
different distances (measurements 560, 680 and 720). The stripped count rate of 500-23 
1000 cps due to Chernobyl fallout has been largely removed by the rolling average 24 
background subtraction.  25 
 11
 1 
3.2 Irish Sea Salt Marshes 2 
 3 
Along the Irish Sea, salt marshes have accumulated radionuclides discharged from the 4 
Sellafield site since the 1950s, with 137Cs being a prominent component of the 5 
radiation signals detected by AGS measurements over these features. These salt 6 
marshes vary considerably in extent, from several kilometres to just a few metres. In 7 
many cases, they also have clearly defined physical boundaries; some have 8 
embankments on the landward side, others have deep river channels on the seaward 9 
side. These features provide a set of good examples to illustrate the filtered 10 
differential background method. 11 
 12 
Figure 3 shows spectra, with a 2s measurement time, collected crossing a small salt 13 
marsh feature (about 100x300m, with the flight lines perpendicular to the longer axis) 14 
in Cumbria in June 2000 [23], located approximately 9 km SSW of Kendal where the 15 
River Gilpin joins the River Kent forming a small sediment trap (grid reference 16 
SD475843). The feature shows enhanced levels of 137Cs activity of about 50 kBq m-2, 17 
with a total activity of 1-2 GBq.  The full NaI spectra are shown, along with the 18 
differential spectra determined from backgrounds with and without filtering with 10 19 
spectra in the local background. Figure 4 shows a set of rainbow plots for a small 20 
section of survey either side of this narrow feature (marked by the arrow). 21 
Approaching the salt marsh, the NaI spectra show a small peak due to 40K at 22 
1462 keV, with a smaller peak at 2614 keV from 208Tl evident in the rainbow plot. 23 
The differential plots show this particular spectrum to have slightly more activity than 24 
the local backgrounds. As the aircraft passes over the salt marsh shows the 137Cs peak 25 
 12
at 662 keV is evident in all the spectra. The differential spectra show a strong signal 1 
from 137Cs without the natural activity, with the scattered component at lower energies 2 
resulting from the source burial clearly evident. After passing the feature, the 3 
differential spectra calculated without filtering the local background show a negative 4 
feature because the local background includes the 137Cs activity on the salt marsh. The 5 
filtering removes this negative artefact. 6 
 7 
Figure 4 also shows data over a more extensive feature south of the small feature 8 
shown in figure 3. The effect of reducing the difference spectra by not filtering the 9 
spectra included in the background is clear from this data. The rainbow plot for the 10 
unfiltered difference spectra shows an apparently much smaller feature, with a very 11 
distinct negative response afterwards. Filtering the spectra included in the background 12 
retains the full spatial dimensions of this salt marsh, and internal variation in the 137Cs 13 
activity across the marsh. 14 
 15 
As noted previously, the differential spectra reveal details of the scattered radiation 16 
contribution to the spectra. From this some details of the shielding of the source can 17 
be inferred. It can be seen on figure 3 that there is a strong scattered contribution from 18 
the 137Cs on the salt marsh, which is a result of the burial of the active sediments by 19 
less active material reflecting the discharge history of Sellafield. The differential 20 
spectra can be used to estimate this source burial.  21 
 22 
Figure 5 shows a spectrum recorded with a total 6 s integration time using a 16 litre 23 
NaI(Tl) detector at 50 m ground clearance, hovering over a calibration site on 24 
Caerlaverock Merse in Dumfries and Galloway in April 1999, with the average local 25 
 13
background determined using the filtering method described here subtracted. A ratio 1 
of the peak area (A) to the mean counts per channel of the valley (BT) can be used to 2 
estimate the mean mass depth of the source (β). Previous work [24] with small 3 
NaI(Tl) detectors at 1 m height has shown that  4 
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For larger airborne survey detectors it is expected that a similar relationship will hold, 6 
with the differences in peak to Compton ratio between detectors secondary to the 7 
scattering due to the soil and air path. To first order, the additional intervening air path 8 
for an airborne detector can be considered as an additional mass depth of 1.2 g cm-2 9 
for every 10 m ground clearance. Full Monte Carlo simulation or extensive ground to 10 
air comparisons would be needed to precisely define the parameters for airborne 11 
detectors, but for illustrative purposes the relationship above is assumed to give an 12 
approximate value for the mean mass depth determined from such systems. For the 13 
spectrum shown in figure 5, A=1542±39 and BT=51±3 giving an approximate mean 14 
mass depth β=22±3 g cm-2, with a mean mass depth of approximately 16±3 g cm-2 15 
after accounting for the 50 m air path. During the April 1999 survey [23], soil cores 16 
were collected from the calibration site. Analysis of these cores gives a mean mass 17 
depth on the calibration site of 17.1±1.2 g cm-2.  18 
 19 
The same approach can be taken to a larger data set. Figure 6 shows the distribution of 20 
137Cs mean mass depth across the Rockcliffe Marsh near Carlisle estimated from data 21 
collected in April 1999 [23], using 3s measurement times and 10 spectra in the filtered 22 
local background. The figure shows the expected distribution of shallower burial near 23 
the centre of the marsh, which is rarely inundated with a subsequent lower 24 
 14
sedimentation rate, and deeper burial near the fringes where the sedimentation rates 1 
are higher. A set of cores were collected across the central part of the merse in April 2 
1999. The mean mass depth of the 137Cs activity for these cores ranges between 8 and 3 
12 g cm-2, about 20% shallower than estimated by this analysis. 4 
 5 
3.3 Source Search Exercises 6 
 7 
In addition to identification of sources from a display of the difference spectra, the 8 
difference data can also be directly mapped to provide a means of rapidly locating 9 
such sources. Normally, such mapping would be accomplished using a traditional 10 
approach such as spectral windows method with stripping [1-3, 15] or principal 11 
component analyses such as NASVD [5, 25-26] or MNF [27]. The spectral windows 12 
method can be applied in real time, the principal component methods rely on the 13 
statistical properties of large data sets and so can only be used in post-survey analysis. 14 
As noted above, the spectral windows method depends upon some prior assumptions 15 
of the nuclides present in the environment and the level of shielding (eg: the depth 16 
profile of potentially buried activity). This, with the fact that the parameters for the 17 
windows method may be imprecisely determined prior to a survey, may result in some 18 
erroneous characterisation of the measured radiation field or even missing a source 19 
entirely. The filtered rolling average method presented here only assumes that the 20 
natural radiation field varies slowly, hence the difference spectra can be used to map 21 
signals without any other assumptions. 22 
 23 
Figure 7 shows a plot of count rate for a window around the 60Co peaks for a small 24 
data set collected during the 1995 Resume Exercise in Finland [19] using  2s 25 
 15
measurement times. The right hand map shows count rates for the 60Co window from 1 
spectra following subtraction of a filtered rolling average background of 10 spectra. 2 
For comparison, the left hand map shows stripped count rates for this window 3 
following conventional analysis in 1995. This exercise included a source search with 4 
four 60Co sources placed in the survey area in the positions marked. It can be seen that 5 
both methods locate three of the sources, the fourth source towards the south of the 6 
survey area was highly collimated and was not detected by any team participating in 7 
the exercise. Though, the difference spectra do generate a false positive and a very 8 
small signal for the most westerly of the sources.  9 
 10 
3.4 Harwell and Rutherford Appleton Laboratories 11 
 12 
In September 1996 an airborne survey was conducted of the former Greenham 13 
Common airfield, the town of Newbury and surrounding areas [28] using 3s 14 
measurement times for the NaI(Tl) detector. This survey included the area around the 15 
Harwell and Rutherford Appleton Laboratories. Around the perimeter of these sites, 16 
several strong signals were detected associated with activities within the site, 17 
including signals from machine sources and stored materials. In a follow up study in 18 
1997 [29], rainbow plots were used to help identify the locations and nature of these 19 
features. Figure 8 shows rainbow plots for the data collected around the perimeter of 20 
these sites, for both the gross spectra and filtered differential spectra using 10 spectra 21 
in the local average background, with the features identified in the 1997 study 22 
indicated. It can be seen that the rainbow plots for both the gross and filtered 23 
difference spectra highlight a number of different features, although the filtered 24 
 16
differential is not indicating any features not originally identified from the gross 1 
spectra.  2 
 3 
The event log file for this data set, containing a list of the spectra which were 4 
excluded from the rolling average background with their positions and a numerical 5 
indicator of the significance of the criteria on which they were excluded, was used to 6 
generate a map of the distribution of the measurements that differ significantly from 7 
the local background, shown in figure 9. The gamma ray dose rate distribution 8 
determined from the original analysis in 1996 is also shown. 9 
 10 
These figures show a number of features that had been identified in the 1997 study. 11 
To the north of the site is the Liquid Effluent Treatment Plant (features N, Q and R) 12 
with signals due to 137Cs and 60Co. To the south of this are signals from the Tandem 13 
Van de Graaff accelerator (features A and F) with the distinctive machine source 14 
gamma ray distribution to energies above 3 MeV. To the southwest of the Tandem are 15 
further machine source signals associated with the ISIS and HELIOS accelerators, 16 
with some signals from 60Co (features B, G and K). The remaining large signal to the 17 
north west of the site is from the B462 Active Handling Facility (features D, E, I, J, M 18 
and P) with signals due to stored Th ore and 137Cs and 60Co.  19 
 20 
Extensive study of the data set in 1997 identified two smaller features. One was in the 21 
vicinity of the PLUTO reactor building to the south west of the site (features C, H and 22 
L), with the other to the south of the Tandem accelerator (feature O). The first of these 23 
is evident from the gamma dose map, and appears as a low significance signal in the 24 
event log map. The second is not clear in the dose rate map (where, it could easily be 25 
 17
additional shine from the accelerator) but is clearly visible in the map generated from 1 
the event log as an extended feature. Subsequent ground based measurements in 1997 2 
identified this with the RAL sports field, and attributed the signal to soil imported for 3 
the field with higher natural activity levels than the local chalk [29]. These features, 4 
that required expert analysis to identify in 1997, would be clearly evident to a non-5 
expert using the differential spectra and filtering log information generated by the 6 
approach outlined here.  7 
 8 
 9 
4. Conclusions and Recommendations for Further Research 10 
 11 
A method of visualising changing radiation environments that is well suited to real 12 
time identification of small sources in an environmental survey has been presented. 13 
This involves the calculation of a difference spectrum by the subtraction of a local 14 
background from each recorded spectrum. This local background is calculated from a 15 
rolling average of recent spectra. The use of a filter to exclude spectra that show 16 
signals significantly different than would be expected for slowly varying radiation 17 
fields has been described that removes effects, such as negative bounce-back 18 
following the leading edge of radiation features and false positive difference spectra 19 
after crossing a body of water. Unlike conventional approaches to real time data 20 
analysis, this method requires no prior knowledge about the distribution of activity in 21 
the survey area or detector calibration parameters. 22 
 23 
The method retains the full spectral information, in contrast to similar rolling average 24 
background subtraction methods that use nuclide specific count rates. This includes 25 
 18
scattered components of the radiation field, which can be used to estimate the 1 
shielding around a given source as illustrated by a case study to estimate the source 2 
depth of activity buried on estuarine salt marshes, and radiation from machine sources 3 
or Bremsstrahlung from pure β emitting nuclides that does not exhibit a defined peak. 4 
The approach also allows for the identification of radionuclides that may not be 5 
included in standard processing.  This method of determining and displaying 6 
difference spectra could prove very useful in real-time monitoring of gamma 7 
spectrometric data, aiding the identification of any anomalous radiation signals and as 8 
an addition to the methods available for locating point sources or mapping dispersed 9 
activity.  10 
 11 
Applications where this technique could be useful include emergency mapping of 12 
contamination following a nuclear accident, and the detection and location of point 13 
sources. In particular, when initial response is by non-expert operators based on 14 
limited knowledge of the sources likely to be encountered, the simplicity of this 15 
approach for the operator could be a benefit. The graphical outputs allow the operator 16 
to observe both full-energy peaks and scattered radiation components that differ 17 
significantly from the local background. The event log identifies the location of such 18 
significant variations, and may be used to complement other methods of generating 19 
alarm levels. 20 
 21 
There are some situations where a full spectral processing approach may be 22 
considered computationally too intensive. For some systems used to locate radioactive 23 
particles on beaches, a simple technique is preferred to full-spectrum processing for 24 
this reason [30]. The approach described here could be used to retain full-spectral 25 
 19
information at minimal computational cost. Another potential application of this 1 
approach is the detection of the edges of environmental compartments, such as 2 
boundaries between large bodies of water and land or edges of estuarine salt marshes. 3 
It is well established that some common geo-statistical tools, such as Kriging, can 4 
only be robustly applied within single environmental compartments [31-33]. An 5 
automated edge detection procedure that allows data from different environmental 6 
compartments to be separated could facilitate the wider use of some of these 7 
techniques for the analysis of data collected by mobile systems. 8 
 9 
It is recognised that the approach outlined here will fail in some situations. For 10 
example, it is very likely to generate anomalies if there is a wide range of ground 11 
clearance in the survey or if the detector performance changes. Also, the technique is 12 
sensitive to any sudden change in the radiation environment, and may fail to properly 13 
account for surveys that cross geological boundaries. It may be necessary to consider 14 
some operational constraints including maintaining constant ground clearance and 15 
detector stability. Care should be taken to ensure that the filtering process is not 16 
started where the background is not representative of the survey area.  17 
 18 
There is probably scope for modification of the filter to optimise it for different 19 
scenarios. More intelligent filters could also be considered, for example based on soft 20 
computing methods [34] such as fuzzy logic or computational intelligence. Three of 21 
the many approaches currently used in radiation measurements and remote sensing are 22 
outlined below, with references to example applications. 23 
 24 
 20
Artificial neural networks (ANNs) are mathematical models that consist of large 1 
numbers of processing elements in networks of weighted connections, and can 2 
represent any function by iteratively adjusting the network using sample data sets. The 3 
training process can be computationally intensive, but once trained ANNs can process 4 
data relatively rapidly. They are particularly appropriate for the analysis of highly 5 
dimensional or multivariate data such as gamma ray spectra due to their inherent 6 
parallel processing nature. ANNs have been used in a large range of filtering and 7 
classification tasks including portal monitoring [35], identification of radioactive 8 
contamination in air filter samples [36] and radionuclide identification in gamma ray 9 
spectra [36-38].  10 
 11 
If a multivariate statistical model can be determined then the data can be analysed 12 
without prior training. The use of linguistic variables and fuzzy set theory is routine 13 
for the classification of multi-spectral remote sensing data [39], which contain a 14 
significant degree of uncertainty and imprecision.  15 
 16 
A further approach commonly used in the analysis of remote sensing imagery is the 17 
naïve Bayes classification [40]. With multivariate data, naïve Bayes classifiers treat 18 
each variable as independent, and apply Bayes theorem, to derive probabilities for 19 
different hypotheses. Provided the correct classification is more probable than other 20 
classes, class probabilities do not need to be estimated precisely and the classifier is 21 
robust despite the underlying naïve independent variable model. Because 22 
independence between the variables is assumed, the entire covariance matrix does not 23 
need to be determined, and so a small training data set is sufficient. 24 
 25 
 21
The work described here uses a rolling average background that works linearly with 1 
time, averaging the most recent spectra recorded by the system. Spatial averaging, 2 
including spectra from nearby positions recorded on other flight lines as well as those 3 
on the current flight line, should increase the power of the method. This could be done 4 
in real time with the data set as recorded prior to that point in the survey, or post 5 
survey when the entire data set is available.  6 
 7 
At present, the options of using soft computational methods to filter the rolling 8 
average background, or generating a spatially averaged background, have not been 9 
explored. Work is required to assess and implement the various options available. The 10 
method described here has, however, been shown to be a potentially useful tool for 11 
the visualisation of rapid changes in the radiation environment, and for processing 12 
gamma spectrometric data with limited assumptions about the radiation sources 13 
present. 14 
 15 
 16 
 22
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 1 
Figure 1: The distribution of the measure of significance for the total count rate, for 2 
data recorded (a) in the laboratory with a fixed detector and (b) during an airborne 3 
survey of Cumbria in June 2000.  4 
 5 
 29
 1 
Figure 2: Count rates for the 137Cs window determined using the spectral stripping 2 
method (top) and differential method described in this paper (bottom) for a section of 3 
a source search exercise in Finland in 1995. The profiles show a 2.8 GBq 137Cs passed 4 
at different distances, a small lake and the Chernobyl fallout in the area in the stripped 5 
count rate suppressed by the rolling average background subtraction in the differential 6 
count rate. 7 
 30
 1 
Figure 3: Spectra recorded using a 16 litre NaI(Tl) detector for a narrow feature in 2 
Cumbria, approaching from the north (top), crossing the feature (middle) and 3 
continuing to the south (bottom), with measurement positions approximately 200m 4 
apart. For the gross NaI(Tl) spectra (a) and difference spectra recorded without (b) 5 
and with (c) background filtering. 6 
 31
 1 
Figure 4: Rainbow plots for a 4 km long section of airborne survey in southern 2 
Cumbria in June 2000, with the flight line direction from the north (top) to south 3 
(bottom), for the NaI spectra (a) and difference spectra without (b) and with (c) 4 
background filtering. The arrow indicates the narrow feature shown in figure 1. 5 
 32
 1 
Figure 5: Spectrum recorded at 50 m above the Caerlaverock calibration site in April 2 
1999 (top), using a 16 litre NaI(Tl) detector with a total of 6 s integration time and 3 
following subtraction of a filtered rolling average background. The peak (A) and 4 
valley (BT) used to estimate source mean mass depth as defined in the text are shown. 5 
For comparison, a spectrum from a 137Cs source in the laboratory with minimal 6 
scattering is also shown (bottom). 7 
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 1 
 2 
Figure 6: Mean mass depth (g cm-2) for 137Cs on Rockcliffe Marsh, estimated from 3 
difference spectra for the April 1999 survey data set. The locations of four cores 4 
collected at the time of the survey are also shown, with the mean mass depth 5 
determined for each core (uncertainties on the mass depths from the core data are 6 
approximately 8%). 7 
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 1 
 2 
Figure 7: Count rates for a window around the 60Co peaks for an area containing 3 
sources for the 1995 Resume Exercise, determined using conventional spectral 4 
stripping analysis (left) and after subtracting a filtered rolling average background 5 
(right). The locations of the four 60Co sources are marked. 6 
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 1 
 2 
Figure 8: Rainbow plots for the gross spectra (left) and filtered difference spectra 3 
(right) from a series of circuits around the perimeter of the Harwell and Rutherford 4 
Appleton Laboratories in September 1996. Features identified in the earlier work [31] 5 
are indicated. Features N, Q and R correspond to the Liquid Effluent Plant to the north 6 
of the site; features A and F are from the Tandem Van de Graaff accelerator at the 7 
south east corner of the site; features B, G and K are from the ISIS and HELIOS 8 
accelerators towards the south of the site; features D, E, I, J, M and P are from the 9 
B462 Active Handling Facility at the north west of the site; features C, H and L are in 10 
the vicinity of the PLUTO reactor building at the south west of the site; and feature O 11 
is on the RAL sports field south of the Tandem. 12 
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 1 
Figure 9: Maps of the gamma dose rate distribution (left) and events that trigger the 2 
filter (right) for the 1996 airborne survey of the Harwell and Rutherford Appleton 3 
Laboratories. The dose rate map is produced from approximately 900 measurements, 4 
the map of measurement of significance is produced from 260 measurements that 5 
triggered the filter. 6 
